We recently demonstrated that cotyledons of cotton (Gossypium hirsutum 1.) seedlings synthesize N-acylphosphatidylethanolamine (NAPE), an unusual acylated derivative of phosphatidylethanolamine (PE), during postgerminative growth (K.D. Chapman and T.S. Moore [1993] Arch Biochem Biophys 301: 21-33). Here, we report the discovery of an acyltransferase enzyme, fatty acid: diacylphosphatidylethanolamine N-acyltransferase (designated NAPE synthase), that synthesizes NAPE from PE and free fatty acids (FFA) in cottonseed microsomes. ["CINAPE was synthesized from ["C]palmitic acid and endogenous PE in a time-, pH-, temperature-, and protein concentration-dependent manner. ]palmitic acid into NAPE at low concentrations (10 p~, highaffinity site) but not at high concentrations (50 PM, low-affinity site), indicating that the two putative sites can be distinguished by their fatty acid preferences.
T.S. Moore [1993] Arch Biochem Biophys 301: 21-33). Here, we report the discovery of an acyltransferase enzyme, fatty acid: diacylphosphatidylethanolamine N-acyltransferase (designated NAPE synthase) , that synthesizes NAPE from PE and free fatty acids (FFA) in cottonseed microsomes. ["CINAPE was synthesized from ["C]palmitic acid and endogenous PE in a time-, pH-, temperature-, and protein concentration-dependent manner.
['4C]Palmitic acid was incorporated exclusively into the N-acyl position of NAPE. ['4C]palmitoyl coenzyme A (COA) and ["CIdipalmitoyl phosphatidylcholine (PC) were poor acyl donors for the synthesis of NAPE (i.e. 200-and 3000-fold lower incorporation efficiency than palmitic acid, respectively). Synthesis of NAPE from palmitoyl-COA and dipalmitoyl-PC was observed only after the release of FFA in microsomes. We observed a temperature optimum of 45'C and a pH optimum of 8.0 for the synthesis of [',C]NAPE from ['4C]palmitic acid (or from [I4C]PE). NAPE synthase activity showed no apparent divalent cation requirement. Notably, activity was stimulated by HPO,*-, HCO,-, SO,'-, and NADPH, whereas activity was inhibited by Ca2+, MnZ+, Coz+, CdZ+, ATP, ADP, flavin adenine dinucleotide, and flavin mononucleotide. Other nucleotide triphosphates (CTP and CTP) and pyridine dinucleotides (NAD, NADH, and NADP) did not appreciably affed NAPE synthase activity. lnitial velocity measurements of NAPE synthase activity at increasing concentrations of palmitic acid showed non-MichaelisMenten, biphasic kinetics. A high-affinity site ( S O .~ = 7.2 PM, V,,, = 18.8 nmol h-' mg-' of protein) and a low-affinity site (So.5 = 32.0 PM, Vmax = 44.9 nmol h-' mg-' of protein) were identified. Both sites exhibited positive cooperativity. Adding myristic, stearic, or oleic acids at equimolar amounts reduced the incorporation of ['4C]palmitic acid into NAPE at low concentrations (10 p~, highaffinity site) but not at high concentrations (50 PM, low-affinity site), indicating that the two putative sites can be distinguished by their fatty acid preferences.
NAPE is an unusual acylated derivative of PE. It was first discovered as a minor component of wheat flour (Bomstein, 1965) and subsequently was reported to be a constituent of a variety of seeds (Dawson et al., 1969; De La Roche et al., 1973 Wilson and Rinne, 1974) suggested that NAPE made up as much as 70% of the newly synthesized phospholipids in developing soybean seeds. Later, it became apparent that these results were obscured by the production of ["PJ-(or ["CI-) phosphatidylmethanol (Roughan et al., 1978) during lipid extractions, presumably synthesized by the transphosphatidylation activity of phospholipase D. Hence, many have doubted the existence of NAPE in plants (Mudd, 1980) . Recently, however, Chapman and Moore (1993) demonstrated that NAPE was a natural component of a variety of plants and plant parts. We used ['4C] ethanolamine to specifically label ethanolamine-containing phospholipids and extracted lipids with boiling 2-propanol, a treatment that is sufficient to inactivate phospholipase D (De La Roche et al., 1973) . NAPE was synthesized in vivo in cotyledons of darkgrown and light-grown cotton seedlings from PE, presumably by an acylation reaction (Chapman and Moore, 1993) .
Essentially nothing is known about the enzyme(s) involved in the synthesis of NAPE in plants. In animal systems, it appears that a Ca*+-stimulated transacylase activity catalyzes the transfer of an O-linked acyl unit from a phospholipid donor to the ethanolamine head group of PE (reviewed by Schmid et al., 1990) . The acyl donor can be a different phospholipid (intermolecular transfer; PC, PE, or cardiolipin can serve as the donor) or the PE molecule itself (intramolecular transfer) .
No specific function for NAPE has been shown. It is postulated that NAPE plays a protective role in membranes, stabilizing the bilayer configuration and maintaining cell compartmentalization during tissue damage (Schmid et al., 1990 ). This premise is based on data from animal systems that demonstrate the detectable accumulation of NAPE only under degenerative conditions (e.g. myocardial infarcts, Epps et al., 1979 Epps et al., , 1980 ischemic brain tissue, Natarajan et al., 1986) . In plants, however, we found that NAPE was synthesized de novo at a variety of developmental/growth stages (Chapman and Moore, 1993) . At the very least, this suggests Plant Physiol. Vol. 102, 1993 that NAPE may play a more fundamental role in plant membranes than originally suspected.
As part of our ongoing efforts to elucidate the role of NAPE in plants, we have identified an enzyme that synthesizes NAPE in microsomes of cotton (Gossypium kirsutum L.) cotyledons. We explored the nature of the acylation reaction (the acyl donor for NAPE and its position of attachment) and examined the influence of a variety of factors on this enzyme activity. We conclude that cottonseed NAPE synthase operates by an unprecedented mechanism; it differs from the mammalian transacylases that synthesize NAPE (Schmid et al., 1990) in the type of acyl donor, divalent cation requirements, and temperature and pH optima. Clearly, plants and animals have different mechanisms for synthesizing NAPE, which may indicate a difference in NAPE function.
MATERIALS AND METHODS

Chemicals
Chlorofonn (nanograde), methanol (nanograde), hexane (glass distilled), and 2-propanol (HPLC grade) were from Mallinckrodt. Potassium phosphate (dibasic and monobasic), sodium phosphate (dibasic and monobasic), KHC03, K2S04, NaOH, MgC12, MnClZ, CoClZ, CaCL CdClz, NaC1, glycerol, EDTA, EGTA, and formic acid were from J.T. Baker Chemical Co. Ammonium hydroxide, hydrochloric acid (concentra ted), KCl, Suc (RNase and DNase free), and diethyl ether were from E.M. Science. Dipalmitoyl phosphatidyl(N-palmitoy1)ethanolamine (standard NAPE), soybean PC, dipalmitoyl-PC, soybean PE, dioleoyl-PE, myristic acid, palmitic acid, stearic acid, oleic acid, MAG standards 178-8, palmitoyl-COA, CDPethanolamine, ATP, ADP, GTP, CTP, NAD, 
Plant Material
Cotton seeds (Gossypium hirsutum L., cv Stoneville 7A glandless, provided by Dr. Rickie B. Turley, U.S. Department of Agriculture-Agricultura1 Research Service, Stoneville, MS) were surface sterilized in 10% bleach for 2 min, rinsed well in deionized water, germinated, and grown in the dark (3OOC) as previously described (Chapman and Trelease, 1990) . Cotyledons were harvested after 20 h of growth (radicles were reproducibly 1-3 cm).
Homogenization and Cell Fractionation
Cotyledons (routinely from 250 seedlings, approximately 30 g fresh weight) were homogenized by chopping with two stainless steel single-edge blades in a glass container (on ice) containing 1 volume g-' fresh weight of 100 mM potassium phosphate (pH 7.2), 10 mM KCI, 1 mM EDTA, 1 mM M:gClZ, 400 mM SUC. The homogenate was filtered through four layers of cheesecloth (presoaked with homogenization medium). Microsomes were prepared as follows: filtered homogenates were centrifuged at a maximum 10,OOOg in a Beckman JA-201 rotor for 20 min at 3OC (model J2-21 centrifuge). The resulting supernatant was centrifuged at a maximum 150,OOOg in a Sorvall T875 rotor for 1 h at 3OC in a Sorvall model OTD65B ultracentrifuge to yield a microsomal pellet (typically 30 mg of microsomal protein were recovered from 30 g of cotyledons). Microsomes were resuspended in homogenization medium for experiments designed to cletermine the acyl clonor. Alternatively, for experiments in vrhich the effects of various buffers, ions, etc. were tested, nucrosomes were simply resuspended in 400 mM SUC, and additions were made subsequently. Microsomes suspended in 400 m~ Suc were routinely stored at -2OOC (severa1 weeks); a loss of 25% of NAPE synthase activity was observed after tha wing.
Acyl Donor
Assays to determine the substrate for N-acylation of PE were performed as follows. To test for acyl transfer from PC, microsomes (10-15 mg of microsomal protein in 3 mL of homogenization medium) were mixed with 0.6 PCi of di[l-'*C]palmitoyl-PC (12 pL of undilute isotope, 115 mCi mmol-'), vortexed briefly, and incubated at 45OC with shaking (120 rpm). Aliquots (0.5 mL) were removed at designated time intervals, and lipids were extracted immediately. To test for acyl transfer from acyl-COA, 0.6 pCi of [1-14C]-palmitoyl-COA (30 pL of undilute isotope, 57 mCi mmol-') were substituted for radiolabeled PC in the above reaction mixture. To test for acyl transfer from FFA, 0.6 pCi of 11 -14C]-palmitic acid (6 pL undilute isotope, 57 mCi/mmol) were substituted for radiolabeled PC in the above reaction mixture. For experiments in which the microsomal protein concmtration was varied, 0.1 pCi of the appropriate isotope was used per sample, and assays were conducted for 30 min (PC and palmitoyl-COA.) or 5 min (palmitic acid) in a final volume of 0.5 mL.
.
Lipid Extractiam
Lipids were extracted following treatment with boiling 2-propanol as described previously (Chapman and hdoore, 1993) . Lipids were immediately analyzed by TLC or stored at -2OOC under Nz until needed for further analysis.
TLC
,
For routine and rapid assessment of the distribution of radioactivity in lipids following assays, one-dimensional TLC was performed as described previously (Chapman and Trelease, 1991a) . See figure legends for conditions of chromatography. Lipids were visualized by exposure to iodine vapor and by autoradiography. Exposure of film (Kodak XAR-5) was at -2OOC. Standards were always run on the same plate, and positions were marked with radioactive ink before autoradiography. Identifications were made based on c'ochromatography with commercially available standards. Quanti-fication of radioactive lipids was made by scraping TLC plates and measuring radioactivity by liquid scintillation counting (Beckman LS8000).
Assessment of the Position of Acyl Addition to NAPE
NAPE radiolabeled with [ 14 C]palmitic acid was extracted from TLC plates by scraping the spot (Fig. 1C ) and vigorously vortexing the silica in 5 mL of chloroform:methanol (2:1, v/v) for 1 min. The silica was filtered (Whatman No. 54 filter paper) and washed two times with 5-mL aliquots of chloroform:methanol (2:1, v/v). The washes were combined with the original filtrate and reduced to dryness under Nz gas. This NAPE was suspended in 1 mL of warm (34°C) diethyl ether. Enzymic hydrolysis of NAPE (by phospholipase A 2 and then phospholipase D; Schmid et al., 1986 ) and isolation and separation of derivatives was performed as described previously (Chapman and Moore, 1993) .
NAPE Synthase Assay
The general assay of NAPE synthase activity utilizing radiolabeled palmitic acid was as follows. Reaction mixtures (in a final volume of 0.5 mL) containing 20 mM potassium phosphate (pH 8.0), 0.25 jtCi of [ 14 C]palmitic acid (50 fiM, 10 mCi mmol" 1 ), and 0.05 to 1.5 mg of microsomal protein yielded the highest specific activity (approximately 45 nmol h" 1 mg" 1 of protein). Exogenously supplied PE (10 ^g as an aqueous dispersion) did not increase NAPE synthase activity; therefore, assays in microsomes were routinely performed using endogenous PE. The reaction was started by adding enzyme at 45°C and proceeded with shaking (120 rpm) for 5 min. The reaction was stopped by the addition of 2 mL of boiling 2-propanol, and lipids were extracted as described previously (Chapman and Moore, 1993) . Variations of this general assay were explored with respect to conditions of pH, temperature, ions, nucleotides, palmitic acid concentration, and fatty acid competition.
NAPE synthase activity utilizing radiolabeled PE was measured as follows. First, [
I4 C]PE was synthesized in vitro by the nucleotide pathway (Chapman and Trelease, 1991b) . Approximately 8 mg of microsomes in 4 mL of homogenization medium, including 1 mM EGTA and 1 mM DTT, were mixed with 0.5 /tCi of [ 14 C]CDP ethanolamine for 30 min at 37°C with shaking (125 rpm). PE synthesis was stopped by adding CaClz (3 mM final, approximately 1 mM free) to the reaction mixture (cottonseed ethanolaminephosphotransferase activity is virtually abolished by adding 1.0 mM CaCl 2 ; Chapman and Trelease, 1990), the mixture was aliquoted for various treatments, and NAPE synthesis was allowed to proceed for an additional 30 min. NAPE synthesis was linear with respect to time (up to 90 min) and protein concentration (up to 2 mg) under these conditions. Lipids were extracted immediately and then separated by one-dimensional TLC and assessed for distribution of radioactivity as above.
Protein concentration was estimated by the Bio-Rad D c assay according to the manufacturer's instructions with bovine 7-globulin as the standard.
RESULTS
Acylation
A comparison of the effectiveness of PC, acyl-CoA, and FFA to serve as the acyl donor for the synthesis of NAPE in cottonseed microsomes is shown in Figure 1 . 
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CoA. or "C-pHmitk >cid. synthase exhibited the same activity profile with respect to temperature when the radiolabeled substrate was [ I4 C]PE or [ 14 C]palmitic acid. The similar 'temperature curves" with both substrates supported the notion that NAPE was synthesized by a direct acylation of PE with FFAs and that a single enzymic activity was responsible for both reactions. The optimum temperature for NAPE synthesis in vitro was 45°C. The enzyme was relatively heat stable, retaining approximately 60% of its optimum activity when assayed at 75°C. NAPE synthase was irreversibly inactivated by heating to 100°C. Figure 4 shows the pH dependence of NAPE synthase activity in microsomes of cotton cotyledons. A symmetrical profile of NAPE synthase activity with respect to pH was noted with an optimum at pH 8.0. NAPE synthase activity in potassium phosphate buffer was approximately twice that in EPPS buffer. Buffers were chosen for their pH range and their relative insensirivity to changes in temperature (less than 0.2 pH units from 0 to 65°C). Table I shows the effects of various ionic compounds on NAPE synthase activity in EPPS buffer (at two concentrations of palmitic acid) and in potassium phosphate buffer. The general trends of ionic effects on NAPE synthase activity were the same at both low and high palmitic acid concentrations. The addition of potassium phosphate, sodium phosphate, or KHCO 3 consistently resulted in a more than 2-fold stimulation in activity compared to EPPS buffer alone. The converse (adding EPPS to potassium phosphate) demonstrated that the lower activity in EPPS buffer was not a result of inhibition by EPPS. The stimulation noted by assaying in potassium phosphate buffer was not increased by further additions; therefore, the effect, although concentration dependent (Fig. 5) , is not additive. The slight inhibition of activity by NaCl and KC1 indicated that the stimulatory Assays were conducted at 45°C for 5 min.
effects of potassium phosphate, sodium phosphate, KHC03, and K2S04 were due to the anions. NAPE synthase activity showed no apparent divalent cation requirement (activity was not appreciably influenced by the addition of EDTA or EGTA). In fact, with the exception of Mg2+, a11 divalent cations examined reduced NAPE synthase activity. Inhibition by chloride salts was attributed to the cations, because essen- tially no inhibition was observed by adding KCl, NaC1, or MgC12 at 2 m M concentrations. Figure 5 shows the influence of increasing concentrations of potassium phosphate (pH 8.0) on the activity of NAPE synthase relative to the activity in EPPS buffer (pH 8.0) alone. Activity increased linearly up to 10 mM potassium phosphate, where it was 206% of the "EPPS only" activity. Plant Physiol. Vol. 102, 1993 Activity remained at the 2-fold stimulated leve1 up to 50 m~ potassium phosphate and declined slightly (to 185%) at 100 mM. These results demonstrate that the anion effect was saturable.
Kinetic Properties
Initial velocity measurements versus increasing concentrations of palmitic acid are plotted in Figure 6 . Non-MichaelisMenten, biphasic kinetics were evident. A high-affinity site and a low-affinity site were apparent. Maximum rates of NAPE formation (approximately 45 nmol h-' mg-' of protein) were achieved from 72 to 200 p~ palmitic acid and then declined to near zero at 800 p~ (not shown). The critica1 micelle concentration for palmitic acid under conditions of the assay was calculated to be approximately 977 p~ (according to the method of Shinoda, 1963) ; therefore, the biphasic kinetics observed were not a result of microsomal membrane solubilization. The formation of NAPE was linear with respect to time (up to 10 min) and protein amount (up to 1.5 mg) at a11 palmitic acid concentrations examined.
Kinetic parameters were determined from various transformations (not shown) of the data presented in Figure 6 . Double-reciproca1 plots of the data in the high-affinity (1.5-17.5 p~) and low-affinity (24.5-56 p~) range suggested positive cooperativity at both sites (each curve was linear at low substrate concentrations and concavc upward at higher substrate concentrations with the asymptote intercepting the x axis at a value greater than zero and the y axis at a value less than zero; Neet, 1983) . Extrapolations of the curves to the y axes gave a V,,, of 18.8 nmol h-' mg-' of protein and a V,,, of 44.9 nmol h-' mg-' of protein for the high-and lowaffinity sites, respectively. Hill plots (log[V,,, -v ] / v ) versus logS as described by Neet, 19831 positive cooperativity at both sites, with coefficients ( n H ) of 2.1 (high affinity) and 6.25 (low affinity) estimated. SO 5 vdues of 7.2 (high affinity) and 32.0 p~ (low affinity) also were determined from the Hill plots. Scatchard plots (v/S versus D, as described by Neet, 1983 ) for high-affinity and lowaffinity sets of data supported positive cooperativity at both sites, exhibiting concave-downward curves. The substrate concentration curve (Fig. 6 ) and the kinetic parameters denved therefrom were obtained at palmitic acid concentrations well above its solubility limits in water (approximately 3.2 p~) .
Experiments revealed that nearly a11 of the added radioactive palmitic acid, over the concentration range used here, sedimented with microsomes (centrifug a ti on at 150,000gm,, for 1 h, not shown). When no microsomes were included, the radiolabeled palmitic acid floated ir1 í:he supernatant. We interpret this to indicate that in the NAPE synthase assays palmitic acid is partitioned into the microsoma1 membranes (readily soluble within the hydrophobic portion of the lipid bilayer), thereby increasing its apparent solubility in the assay reaction mixtures. In the samples containing 800 pg mL-' of microsomal protein, we estimate that the added palmitic acid resulted in a microsomal membrane FFA coníent of 0.2 (2.5 p~) to 4% (50 p~) by wc?ight of total microsomal lipids (based on experimentally determined values of 170 pg of total lipid mg-' of microsomal protein). NAPE synthase activity was saturated at 40 to 50 WM palmitic acid (Fig. 6) , which corresponds to about 8 ío 10 mo1 % of palmitic acid (of total lipids) in microsomes, indicating that the enzyme's capacity for FFAs is quite high. It should be stressed that the So and V,,, values reportei1 are only estimates; they are based on the total assay volume (by convention). We probably are dealing with a two-dimensional rather than a three-dimensional kinetics system as well as intramembrane compartmentalization. Thus, these kinetic parameters likely will prove to be different when an active detergent-solubilized enzyme preparation can be examined.
Nucleotides, Cofactors, and Coenzymes
The influence of nucleotide phosphates, pyridine nucleotides, and COA on microsomal NAPE synthase activity is summarized in Table 11 . Activity was reduced 33% by atlded ATP and 52% by ADP, whereas added CTP and GTP had no effect. Only NADPH appreciably increased NAPE synthase activity (24%). NAD, NADH, NADP, and FAD did not affect NAPE synthase activity; added FMN reduced NAPE synthase activity by 33%. Adding fresh or heat-inactivated cytosolic fractions ( 150,OOOg,,,, 60 min supernatant) dicl not influence microsomal NAPE synthase activity (not shown). 'Three millimolar MgC12 was included in the reaction mixture.
Fatty Acid Preference
thermore, adding stearic and oleic acids reduced [14C]NAPE synthesis by approximately 65%, indicating that these fatty acids were preferred 2:l over palmitic acid. At 50 PM, only the addition of stearic acid reduced the synthesis of ["C]-NAPE (albeit only by 15%) from ['4C]palmitic acid, indicating that palmitic acid was the preferred substrate at the lowaffinity site.
DlSCUSSlON
Essentially nothing is known about the enzyme(s) involved in the synthesis of NAPE in plants. Recently, we postulated that NAPE in cotyledons of cotton seedlings was synthesized by a direct acylation of PE (Chapman and Moore, 1993) . This presumption was based on results from radiolabeling experiments in vivo with cotyledons of cotton seedlings and in vitro with cottonseed microsomes (Chapman and Moore, 1993) . In this paper, we report the discovery of an acyltransferase enzyme in microsomes of cotyledons of cotton seedlings that catalyzes the synthesis of NAPE from PE and FFAs.
Our results indicate that NAPE is synthesized in cottonseed microsomes by an unprecedented mechanism. NAPE in mammalian systems apparently is synthesized by a Ca2+-dependent inter-or intramolecular transacylation reaction (Schmid et al., 1990) . O-acyl moieties from various phospholipids are transferred to the N-acyl position of NAPE (perhaps after initial incorporation into the sn-1-O-acyl position). Of particular interest here is the fact that FFAs did not serve as a substrate for NAPE synthesis in animal systems. Furthermore, radiolabeled acyl groups were distributed between the N-acyl and the sn-1-O-acyl positions of NAPE following synthesis. In the present investigations with cotton seedings, the preferred acyl donor for N-acylation of PE clearly was FFAs (Fig. l) , and [I4C]palmitic acid was incorporated exclusively into the N-acyl position of NAPE (Fig. 2) . Also, cottonseed NAPE synthase activity was not dependent on Ca2+ (in fact, it was inhibited by Ca2+) ( Table I ). The major differences in substrate preference, product formation, and ion requirements may indicate that NAPE synthase and NAPE have a different function(s) in plants and animals.
Although our kinetic analyses of NAPE synthase in microsomes of cotton cotyledons are preliminary, some important inferences can be made. The apparent biphasic nature of the NAPE synthase activity (Fig. 6) suggests the existence of two isozymes with NAPE synthase activity. The effects of various ions on NAPE synthase activity in EPPS buffer at low and high palmitic acid concentrations (Table I) were similar, indicating that the high-and low-affinity sites (Fig. 6) could not be distinguished by selective ion sensitivity. However, the high-and low-affinity sites were distinguished by their fatty acid preferences (Table 111) , supporting the notion of at least two isozymes. It should be emphasized that the observed fatty acid preferences of the NAPE synthase(s) are consistent with the actual N-acyl composition of cottonseed microsomal NAPE (Chapman and Moore, 1993) . That is, palmitate, the most abundant N-acyl constituent, was utilized as a substrate at both the low-and high-affinity sites. Stearate, the second most abundant N-acyl constituent, was preferred at the high-affinity site but also was slightly active at the low-affinity site. Oleate and myristate, the least abundant N-acyl constituents, were only active at the high-affinity site and did not compete at the low-affinity site. Furthermore, the FFA substrates for NAPE synthase are associated with the microsomal membranes. A membrane-bound location is consistent with the notion that NAPE synthase may function to recover FFAs released from membrane lipids into the bilayer. Another intriguing observation is the positive cooperativity noted at both sites; this suggests that the enzyme(s) is oligomeric and allosterically regulated. At the very least, these results indicate that NAPE synthesis in cottonseed microsomes is more complex than originally anticipated. It will be necessary to purify the NAPE synthase activity(ies) in cottonseed microsomes to more fully define the kinetic parameters of this nove1 enzyme (or isozymes), particularly with respect to the effects of various molecular species of PE, FFAs, or other membrane lipids. The source of energy that would be required for acylation of PE with FFAs is unclear. NAPE synthesis proceeded without added common energy intermediates or cofactors (Table  11) . Severa1 possible explanations exist. Perhaps the simplest explanation is that an endogenous, high-energy substratel intermediate is involved that we have not yet identified. Alternatively, a membrane potential may somehow be coupled to NAPE synthesis. It is not clear whether the stimulatory action of phosphate, bicarbonate, and sulfate ions (Table  I) is directly on the NAPE synthase enzyme, or whether they stimulate some other process (such as supporting a membrane potential) in microsomes that influences NAPE synthase activity. The slight stimulation of NAPE synthase activity by NADPH ( Table 11 ) may suggest that electron transport in the microsomes is somehow linked to NAPE synthesis (perhaps by generating and/or maintaining a membrane potential). Bicarbonate is postulated to donate electrons to plastoquinone reductase in thylakoids (Blubaugh and Govindjee, 1988) and, therefore, may act similarly on some electron transport enzyme in microsomes. Instead, it might be speculated that a more physicochemical mechanism supports NAPE synthesis. Thermodynamically, the standard free energy of formation for an amide bond is negative (AG = -21 kcal mol-'). Therefore, a11 that is required for the reaction to occur spontaneously is for the enzyme to sufficiently lower the activation energy of the reactants; it is possible that this is accomplished by the binding of PE and FFAs to the enzyme. Altematively, Schmid et al. (1990) , proposed that "phase transitions of biological membranes may be required for Nacylation to occur." A phase transition phenomenon may be related to the unusually high temperature optimum observed for cottonseed NAPE synthase (Fig. 3) . Future purification of NAPE synthase will shed light on the source of energy required for activity.
The function of NAPE is not known. It has been speculated to play a protective role in membranes by stabilizing a bilayer configuration and maintaining the integrity of organelle membranes in areas of tissue damage (Schmid et al., 1990) . This hypothesis gains some support from the thermotropic behavior of synthetic NAPE in mixed lipid systems. In aqueous dispersions, N-acylation of PE with palmitate increased the gel-to-liquid crystalline transition temperature; addition of CaZ+ further increased this transition temperature (Schmid et al., 1990) . The mechanism of NAPE synthesis in cotton cotyledons is consistent with a membrane-stabilizing function. Microsomal NAPE synthase could act as a fatty acid 'scavenger" by incorporating FFAs (released in cells by the action of nonspecific acylhydrolases activated during tissue damage) into NAPE. In theory, synthesizing NAPE under these conditions would acheive three bilayer-stabilizing effects: (a) reduce the effective FFA concentration in the membrane, (b) produce a bilayer-stabilizing phospholipid to counteract the nonbilayer-forming effects of remaining FFAs, and (c) reduce the concentration of PE in membranes, itself having a propensity toward nonbilayer conformations (hexagonalII phase).
Speculating a step further, the relatively high temperature optimum for NAPE synthase activity may relate to a more pronounced destabilization of membranes at higher temperatures, leading to an increased need for NAPE synthesis; certainly, fluiclity of the membrane would be increased at higher temperatures, and NAPE (with notably high saturated fatty acid content in cottonseed microsomes; Chapman m d Moore, 1993) may be synthesized to maintain membrane fluidty within tolerable limits. Future work will be aimed at exploring the function of NAPE synthase in plant membranes to determine its precise role in modulating membrane 5h-Cture and functilon.
The substraies for NAPE synthesis may provide chies to its function in cotyledons of cotton seedlings during postgerminative growth. NAPE is synthesized from PE and FFAs. The capacity for PE synthesis (based on the activity of ethanolaminephosphotransferase) in cotyledons of cotton seedlings increases during postgerminative growth to a maximum at 36 h after imbibition (Chapman and Trelease, 1990) . However, a considerable amount of membrane phospholipid appears to be recycled (e.g. lipid body phospholipids are incorporated into expanding glyoxysome membranes) during this heterotrophic growth phase (Chapman and Trelease, 199 la). Therefore, some of the de novo synthesized PE (Chapman and Trelease, 1991a, 1991b) may be destined to be potential acceptors for any released (purposeful or accidental) FFAs. Intensive reserve TAG hydrolysis occurs concurrently with the increase in PE-synthesizing activity; therefore, the potential hazard of FFAs released in the cotyledon cells is high during this period. Hence, a rationale exists for a mechanism to rapidly recover any fatty acids released into cotyledon cells. In fact, palmitic acid, the predominant N-acyl moiety of NAPE in cotton cotyledons (Chapman and Moore, 1993) , makes up about one-third of the acyl composition of storage TAGs in cottonseed lipid bodies (Chapman and Trelease, 1991a) . The evidence supporting this scenario is circumstantial, however, and the exact relationship between NAPE synthesis and membrane lipid metabolism in cotyledons of cotton seedlings remains to be investigated.
